The sensitivity of an atomic interferometer increases when the phase evolution of its quantum superposition state is measured over a longer interrogation interval. In practice, a limit is set by the measurement process, which returns not the phase, but its projection in terms of population difference on two energetic levels. The phase interval over which the relation can be inverted is thus limited to the interval [−π/2, π/2]; going beyond it introduces an ambiguity in the read out, hence a sensitivity loss. Here, we extend the unambiguous interval to probe the phase evolution of an atomic ensemble using coherence preserving measurements and phase corrections, and demonstrate the phase lock of the clock oscillator to an atomic superposition state. We propose a protocol based on the phase lock to improve atomic clocks under local oscillator noise, and foresee the application to other atomic interferometers such as inertial sensors. * Electronic address: andrea.bertoldi@institutoptique.fr 1 arXiv:1501.03709v2 [physics.atom-ph] 16 Jan 2015
increasing interrogation time [21, 22] , or by enhancing the Ramsey interrogation interval by stabilizing the LO either via cascaded frequency corrections [23] or by coherence preserving measurements on the same atomic ensemble and feedback [24, 25] . We follow the latter proposal, and show how the LO limitations can be bypassed by implementing a phase lock between the LO and the atomic system. We begin with a minimally destructive measurement of the LO phase drift when it is within the inversion region; the measurement readout is then used to correct the LO phase so as to reduce the phase drift. The cycle is repeated using the residual atomic coherence. This results in successive, phase related measurements of the relative phase evolution, and the feedback keeps the phase in the inversion region, leading to an effectively longer interrogation time. We demonstrate this approach with a trapped ensemble of neutral atoms probed on a microwave transition.
The experimental scheme shown in Fig. 1 has been described in [26] . A cloud of cold 87 Rb atoms is trapped in an optical potential (see Appendix A), prepared with a π/2 pulse of a resonant microwave field in a balanced superposition state of two hyperfine levels | ↓ ≡ | F = 1, m F = 0 and | ↑ ≡ | F = 2, m F = 0 of the electronic ground state, and probed using a nondestructive detection. Typically, 5 × 10 5 atoms at a temperature of 10 µK are used in the measurements reported here. The phase ϕ at of the superposition state oscillates at a frequency of 6.835 GHz corresponding to the energy difference between the | ↓ and | ↑ atomic states, which is the fundamental reference if atoms are protected from perturbations. A microwave LO has a frequency close to the atomic frequency difference, so that the relative phase ϕ = ϕ LO − ϕ at between the two oscillators drifts slowly because of the LO noise. ϕ can be measured using the Ramsey spectroscopy method (see Fig. 2 ): a second π/2 microwave pulse (projection pulse) maps it onto a population difference, which we read out with a weak optical probe perturbing the atomic quantum state only negligibly and preserving the ensemble coherence [26] [27] [28] . Unlike for destructive measurements, the interrogation of ϕ can continue in a correlated way, once the action of the projection pulse is inverted using an opposite π/2 microwave pulse (reintroduction pulse), which brings the atomic state back to the previous coherent superposition. Moreover, after each measurement and reintroduction pulse, the phase read out can be used to correct the LO phase. The evolution and manipulation of the atomic ensemble can be illustrated using the Bloch sphere representation ( Fig. 2) : the collective state of N at two-level atoms in the same pure single particle state (also called coherent spin state (CSS)) forms a pseudo-spin with length J = N at /2, where J z denotes the population difference and ϕ = arcsin (J y /J x ) is the phase difference between the phase of the LO and that of the superposition state. A resonant microwave pulse determines the rotation of J around an axis in the equatorial plane of the Bloch sphere, and the axis direction is set by the phase of the microwave signal. The repetition of the manipulation, measurement and feedback cycle implements the phase lock of the LO on the atomic superposition state, as shown in steps 2.-6. of Fig. 2 .
We first show that we can reconstruct the time evolution of the relative phase between the LO and the CSS by monitoring the population difference and without applying feedback.
For this purpose, we frequency offset the LO by 100 Hz from the nominal resonance, and periodically measure the projection of the relative phase (sin(ϕ)) with only a small reduction of the atomic ensemble coherence (Fig. 3) . Every 1 ms ϕ is mapped to a population difference via a projection π/2 microwave pulse around the x-axis, a weak measurement of J z is performed, and the collective spin is rotated back to the equatorial plane of the Bloch sphere via a reinstroduction π/2 pulse around the x-axis. The π/2 microwave pulses are derived from an amplified version of the LO at 6.835 GHz leading to a pulse length of τ π/2 =47 µs, and the rotation axis is controlled with a quadrature phase shifter. The coherence preserving, dispersive measurement relies on frequency modulation spectroscopy (see Appendix B). The S/N of the weak measurements is 20 for a full state coherence and each readout of the relative phase drift reduces the state coherence by 2%. The destructivity from the probe is the main decoherence source till 10 ms, then the inhomogeneous light shift of the dipole trap on the clock states becomes the dominant decoherence source.
We next introduce feedback and demonstrate that we can phase lock the LO on the atomic superposition state, and increase the Ramsey interrogation time beyond the limit set by the inversion region between J z and the relative phase. We apply on the local oscillator two types of signals, first a frequency offset, and second periodic phase jumps, and use the output of the coherence preserving measurements to actively minimize ϕ. The phase lock is obtained by controlling the phase of the local oscillator by means of a digital phase shifter (see Appendix D). The feedback is performed after the atomic spin is rotated back to the equatorial plane of the Bloch sphere. When the disturbance applied on the local oscillator consists of a frequency offset, there is a linear phase drift between the LO and the atomic phase (Fig 4, red) . The phase evolution in open loop is reconstructed from the data of Fig. 3 by taking into account the damping on the sinusoidal signal due to the decoherence sources, and knowing that a constant frequency offset is applied on the LO. We remark that sudden sign inversions of the applied frequency offset when ϕ = ±π/2 would produce exactly the same evolution of the population difference, illustrating the need to keep ϕ in the inversion region. In closed loop, the phase drift due to the 100 Hz frequency offset on the LO is periodically reset to zero, with a precision set by the π/32 step size of the digital phase shifter and the uncertainty of the coherence preserving measurements. This results in a saw-tooth-like signal for J z /J (Fig. 4 , blue signal). Without phase lock, the phase drift leaves the inversion region after 2. This is the commonly encountered situation in atomic clocks, and highlights the requirement of feedback on the LO phase to keep track of the relative phase drifts. Without feedback, the Ramsey interrogation time should be kept sufficiently short to avoid ambiguities for the measured phase shift.
We propose now a protocol to efficiently use the phase lock to improve an atomic clock.
In a conventional atomic clock, the phase drift ϕ is destructively read out after a single interrogation and feedback is performed on the LO by the addition of a frequency ω FB = −ϕ/T considering unity gain. Our protocol of using the PLL between the LO and the atomic superposition state in an atomic clock is based on the reconstruction of the phase drift For a proof-of-concept demonstration, we run an atomic clock that exploits the PLL between the LO and the atomic superposition state, and the phase reconstruction protocol.
The LO signal was deteriorated so as to have an increased phase drift over the interrogation interval (see Appendix C). During the clock operation, the dead time for the preparation of the new ensemble is T d = 1.9 s and the interrogation time is set to T = 1 ms, much shorter than the measured atomic coherence lifetime. As a benchmark, we first run an atomic clock adopting a standard Ramsey interrogation sequence, and without any feedback on the phase.
The phase measurement is performed with the coherence preserving detection adopted for the phase lock. The two-sample Allan frequency standard deviation was calculated from the sum of the LO noise and the correction signal applied by the feedback controller. The clock instability reaches a τ −1/2 scaling after a few clock cycles (see Fig. 7 , red) at a level consistent with an initial S/N = 20 and considering the coherence decay in the optical trap. The instability is far higher than with state-of-the art atomic clocks since the experimental setup was not explicitly designed for the operation of an atomic clock, and the Allan frequency standard deviation is 1.5×10 −9 at 1 s. We then operate an atomic clock making use of a PLL sequence with N=9 successive interrogations, and again with T=1 ms. For simplicity, the intermediate and the final phase readouts are set to have the same measurement strength.
The Allan frequency deviation shows a τ −1/2 scaling as expected for atomic clocks, which demonstrates that the phase reconstruction protocol is working properly. In the opposite case, frequency offsets would be corrected only at a short time with the phase actuator, and the stability of the clock would then diverge because of the non-zero dead time interval. The comparison of the instability shows that the clock adopting the phase lock and reconstruction method is at a lower level by a factor (4.76±0.25) with respect to the clock implementing the standard Ramsey interrogation, as shown in Fig. 7 (blue). This is clearly above the factor 3 expected for a succession of 9 uncorrelated phase drift measurements at each clock cycle [30] . Nevertheless, several detrimental effects prevent us to reach the factor 9 expected for perfectly correlated measurements of the phase drift. The main effects are the reduced S/N due to the cumulated destructivity from the probe and the decay from the optical dipole trap, and the finite phase shifter accuracy, equal to 2.2
• .
The phase lock can be performed as long as the coherence of the state is maintained. For integration times longer than the coherence lifetime of the trapped ensemble, the atomic phase is lost and our locking scheme becomes again a frequency lock, like when the quantum superposition is destroyed by the dectection. In our experiment, the coherence lifetime is limited to 20 ms by the dephasing in the optical dipole trap. Nevertheless, trapped induced dephasing of the atomic state can be suppressed for 87 Rb as reported in [15, 31] , whereas in an optical lattice it is strongly reduced with the choice of light at the magic wavelength [32] .
In the original proposal to lock the local oscillator phase on the atomic phase [24] , frequency feedback on the local oscillator after each weak J z measurement is performed. This leads to a longer effective interrogation time, but to a S/N given by the weak measurements, which is lower than that of a measurement at the quantum projection noise and beyond.
Our protocol can overcome this limit, and reach projection limited readout while keeping an extended interrogation time, thanks to the feedback on the LO phase.
In the phase lock sequence, several effects must be considered to maximize the S/N of the last measurement while maintaining a high accuracy on the total phase drift over the increased interrogation time: the rotations operated on the Bloch sphere must be fast, the measurement induced decoherence limited, and the phase shifter used for the correction accurate. The decoherence related to the repeated interrogations of the relative phase can be strongly reduced by the use of an optical cavity to enhance the probe interaction with the atomic ensemble [33] [34] [35] . An optimized clock configuration would consist in a two atomic ensembles using the same LO: the first ensemble provides the information to implement the phase feedback algorithm on the LO; the resulting corrected phase for the LO stays in the inversion region for a much longer period, and this prestabilized LO is used to interrogate the master ensemble with the standard Ramsey sequence. This scheme avoids the requirement of a trade-off between the number of intermediate measurements and the S/N of the final measurement by separating the two problems. The solution promises the same benefits foreseen for the phase reconstruction schemes proposed in [21, 22] , but using only a single additional ensemble.
In an atomic clock the phase lock between the LO and the atomic superposition state can reduce the Dick effect [36] , i.e. the aliasing of the clock oscillator, thanks to the longer interrogation time. However, the most important advantage of the scheme is the reduction of the decoherence related to the local oscillator, which translates to a lower white noise frequency for a fixed detection noise. This can serve to lower the LO stability requirements to the benefit of other parameters, like portability of the experimental setup, or viceversa, to remove the limitation set by the LO to reach ultimate performances. In the latter case, other effects will limit the clock interrogation time. Practically, a first limit is set by the vacuum quality, which can reduce the ensemble coherence via background collisions, but extremely long trapping lifetimes have been already reached for trapped atoms [37] . Ultimately, with the combination of existing techniques and the method presented in this paper, the 1-10 mHz excited states lifetime expected for alkaline earth-like atoms could be reached, which motivates the search for transitions with a lower linewidth [38] [39] [40] .
Phase locking the LO to the atomic state preserves classical correlations in time against the decoherence by the local oscillator. The technique and the related enhancement factor could thus be combined to spin squeezing, which improves the clock sensitivity by introducing quantum correlations between the particles to go below the standard quantum limit [35, 41] . More generally, increasing the interrogation time using minimally destructive measurements and feedback on the phase could be applied to other atomic interferometers, such as atomic inertial sensors, where for example the phase of the interrogation lasers could be locked to the phase evolution of matter waves.
In conclusion, using a coherence preserving detection we tracked the phase evolution of an atomic collective superposition, and we reproduced it on a classical replica by introducing feedback to implement a PLL. Phase locking the LO to the atomic superposition state can be a key technology to improve the sensitivity of systems where the atomic phase evolution is compared to that of a classical LO, such as in atomic clocks and inertial sensors, whenever the main decoherence source is determined by the classical subsystem. This development may open new directions and possibilities in several technological fields and as well in basic science.
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The DLR-100 relies on an ultra-low noise 100 MHz quartz, locked at low frequency to the 10 th harmonic of a frequency doubled 5 MHz quartz to further improve the phase noise. The 100 MHz signal is multiplied to 7 GHz and then mixed with a tunable synthesizer at 165 MHz to obtain the signal resonant with the transition between the | ↓ and | ↑ state. Frequency noise is added to the LO signal using a frequency modulation port on the synthesizer, with a conversion factor set to 200 Hz/V rms . The noise signal for the demonstration of the clock using the PLL sequence is generated with a signal generator, which produces white frequency noise with a spectral density of 2.7×10 −2 Hz 2 /Hz; this signal is low pass filtered at 1. In the third step, one then performs feedback on the frequency as in a conventional atomic
and n is the clock cycle. In addition, the phase shift set by the feedback controller on the LO is reset to zero
The cycle then repeats. The important feature of the feedback controller is that the feedback actions on the LO oscillator phase during the interrogation time are saved. They are then used with the output of the final precise measurement to determine the total phase drift.
There is no drawback from the uncertainty of the weak measurements, since any feedback errors are detected with the precise final measurement at the end. As already remarked, in the experimental demonstration of the clock operation, we adopted the same probe for the intermediate and the final measurements. . The x axis is chosen to represent the phase of the local oscillator, and ϕ the relative phase between the LO and the atomic superposition that evolves because of the LO noise (step 3.). After an interrogation time T, the projection of ϕ is mapped onto a population difference by a projection π/2 pulse around the x axis and read out with the coherence preserving detection (step 4.). The CSS is rotated back to the equatorial plane by a reintroduction π/2 pulse around the x axis (step 5.), and feedback is applied on the phase of the LO (step 6.). The PLL between the LO and the atomic ensemble consists in the repetition of the steps from 3.) to 6.), potentially till the atomic ensemble shows a residual coherence. 
